During mild or moderate nonexhausting exercise, glucose utilization increases sharply but is normally matched by increased glucose production such that hypoglycemia does not occur. To test the hypothesis that redundant glucoregulatory systems including sympathochromaffin activation and changes in pancreatic islet hormone secretion underlie this precise matching, eight young adults exercised at 55-60% of maximal oxygen consumption for 60 min on separate occasions under four conditions: (a) control study (saline infusion); (b) islet clamp study (insulin and glucagon held constant by somatostatin infusion with glucagon and insulin replacement at fixed rates before, during and after exercise with insulin doses determined individually and shown to produce normal and stable plasma glucose concentrations prior to each study); (c) adrenergic blockage study (infusions of the a-and ,8-adrenergic antagonists phentolamine and propranolol); (d) adrenergic blockade plus islet clamp study. Glucose production matched increased glucose utilization during exercise in the control study and plasma glucose did not fall (92±1 mg/dl at base line, 90±2 mg/dl at the end of exercise). Plasma glucose also did not fall during exercise when changes in insulin and glucagon were prevented in the islet clamp study. In the adrenergic blockade study, plasma glucose declined initially during exercise because of a greater initial increase in glucose utilization, then plateaued with an end-exercise value of 74±3 mg/dl (P < 0.01 vs. control). In contrast, in the adrenergic blockade plus islet clamp study, exercise was associated with glucose production substantially lower than control and plasma glucose fell progressively to 58±7 mg/dl (P < 0.001); end-exercise plasma glucose concentrations ranged from 34 to 72 mg/dl. Thus, we conclude that: (a) redundant glucoregulatory systems are involved in the precise matching of increased glucose utilization and glucose production that normally prevents hypoglycemia during moderate exercise in humans. (b) Sympathochromaffin activation, perhaps sympathetic neural norepinephrine release, plays a primary glucoregulatory role by limiting glucose utilization as well as stimulating glucose production. (c) Changes in pancreatic islet hormone secretion (decrements in insulin, increments in glucagon, or both) are not normally critical but become critical when catecholamine action is deficient. (d) Glucoregulation fails,
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Introduction
A series of studies in humans (1-9; reviewed in References 10-13) indicate that the prevention or correction of hypoglycemia is normally the result of both dissipation of insulin and activation of glucose counterregulatory systems. These data indicate further that there are redundant glucose counterregulatory factors and a hierarchy among the glucoregulatory factors. Dissipation of insulin is likely the most important. Glucagon plays a primary counterregulatory role in defense against rapid decrements in plasma glucose. Epinephrine is not normally critical but it compensates largely, and it becomes critical, when glucagon secretion is deficient. Other hormones, neurotransmitters, or substrate effects including hepatic glucose autoregulation may be involved but they are not sufficiently potent to prevent or correct hypoglycemia when the key counterregulatory hormones, glucagon and epinephrine, are deficient and insulin is present. Thus, there is a hierarchy among the redundant glucoregulatory factors involved: (a) decrements in insulin; (b) increments in glucagon; (c) increments in epinephrine; and, perhaps (d) increments in other hormones and neurotransmitters and substrate effects. The extent to which these provisional principles of glucose counterregulation can be applied to physiologic and pathophysiologic states other than those studied in detail to date remains to be determined. We report here studies of an additional condition, glucoregulation during moderate exercise.
Although hypoglycemia can sometimes result from prolonged, exhausting exercise (14) , during mild or moderate nonexhausting exercise, increased glucose utilization is normally matched precisely by increased glucose production and euglycemia is maintained (15) (16) (17) . Despite rather extensive study, a coherent view of the glucoregulatory mechanisms that accomplish this homeostatic feat has not emerged (15) (16) (17) .
Decrements in insulin, increments in glucagon, and increments in catecholamines occur during exercise and would tend to increase glucose production and limit glucose utilization. However, experimental disruption of each of these changes individually has not prevented an increase in glucose production nor resulted in hypoglycemia during exercise. Data from studies in humans (18) (19) (20) (21) (22) (23) and in dogs (24, 25) suggest that changes in insulin and in glucagon are not critical to the prevention of hypoglycemia during exercise, at least when other systems are operative. For example, in normal humans, neither prevention of decrements in insulin by infusion of insulin (18, 19) nor inhibition of glucagon secretion by infusion of somatostatin (with or without insulin replacement) (20) prevent an increase in glucose production or result in hypoglycemia during exercise. Sim-ilarly, glucose production increases and hypoglycemia does not occur during exercise in patients with diabetes made euglycemic by intravenous infusion of insulin (21) (22) (23) . In dogs somatostatin infusion produces an initial decrease in glucose production and plasma glucose, attributable to suppression ofglucagon secretion, during exercise (24, 25) , as it does under other conditions. However, it does not prevent a subsequent increase in glucose production and plasma glucose as exercise is continued (24, 25) ; therefore, exercise-associated hypoglycemia does not occur. With respect to the sympathochromaffin system, although plasma glucose levels at the end of exhausting exercise can be lowered during administration ofthe f3-adrenergic antagonist propranolol (26, 27) , but not during that of the a-adrenergic antagonist phentolamine (28) , pharmacologic adrenergic blockade has been found to have little effect on glucoregulation during more moderate exercise in normal humans (17, 29) . Similarly, the epinephrine-deficient state that results from bilateral adrenalectomy did not result in lower exercise-associated plasma glucose levels in humans (30) , although adrenal demedullation has been reported to reduce the exercise-associated increase in plasma glucose in rats (31, 32) and adrenal denervation to reduce the exercise-associated increase in glucose production and plasma glucose in sheep (33) . On the other hand, chemical sympathectomy with 6-hydroxydopamine did not reduce the glucose response to exercise in rats (32) (29) , who found that fl-adrenergic blockade with propranolol resulted in a sharp decrease in plasma glucose in insulin infused patients with insulin dependent diabetes mellitus but not in nondiabetic subjects.
Thus, previous data ( 14-34) suggest either that a factor other than the islet hormones and the catecholamines stands high in the hierarchy of glucoregulation during exercise or that there is redundancy among the islet hormones and the catecholamines. In view of the known physiology of glucose counterregulation (I -13), we chose to test the latter possibility and developed the following hypothesis: The precise matching of increased glucose utilization and increased glucose production that normally maintains euglycemia during mild to moderate exercise is the result of redundant glucoregulatory adaptations including, but not necessarily limited to, activation ofthe sympathochromaffin system (catecholamine release) and changes in islet hormone secretion (decrements in insulin, increments in glucagon, or both). If so, neither antagonism of catecholamine action alone nor prevention of changes in insulin and glucagon levels alone would be expected to result in hypoglycemia during exercise in normal individuals, but the combination of these would result in failure ofglucose production to match glucose utilization with a consequent progressive fall in plasma glucose during exercise. The data fulfill these expectations.
Methods
Subjects. Eight untrained normal young adults gave their written consent to participate in each of the four studies described below which were approved by the Washington University Human Studies Committee. Five of the subjects were men; three were women. All were within 10% of ideal body weight (Metropolitan Life Insurance Co. tables).
Experimental design. All (35) .
Exercise intensity was determined by measurements of oxygen uptake periodically during all studies. Intravenous lines for infusions and for blood sampling were inserted at least 180 min before exercise.
The experimental design is illustrated in Fig. 1 (38) , and alanine (39) were measured with microfluorometric techniques, serum fatty acids with a colorimetric method (40) . Plasma epinephrine and norepinephrine were measured with a single isotope derivative method (41) employing 50-id samples. Plasma cortisol (42) and growth hormone (43) were measured with standard radioimmunoassays. To eliminate cross-reacting high molecular weight nonglucagon species (44, 45) , plasma glucagon was measured (by double-antibody radioimmunoassay using antiserum 30K) after precipitation of these with polyethylene glycol (PEG) using the method of Ensinck (46) . Plasma, from blood samples collected in aprotinin (Trasylol, 500 IU/ml), was mixed with an equal volume of 26% PEG at 40C for one hour. Standard curves were constructed in 13% PEG. Glucagon recoveries of 85% were used to correct the final values. Plasma insulin (47) and C-peptide (48) were also measured by radioimmunoassay. Materials for the C-peptide radioimmunoassay were provided by the Novo Research Institute, Bagsvaerd, Denmark. Detection limits and between assay coefficients of variation were 10 pg/ml and 7% for epinephrine, 16 pg/ml and 5% for norepinephrine, 3 uU/ml and 12% for insulin, 0.01 nmol/liter and 10% for C-peptide, 12 pg/ml and 9% for glucagon, 0.5 ng/ml and 10% for growth hormone, and 3.0 tg/dl and 12% for cortisol. 60 min after the insulin infusion rate was fixed (i.e., comparable to 0 min in the present study), plasma glucose concentrations (and glucose kinetics) remained stable, and paralleled those during saline infusion in the same individuals, through the subsequent 210 min (i.e., 90 min longer than the present study). Exercise performance. All subjects exercised as described for 60 min in the control and islet clamp studies. Exercise was subjectively more difficult in the studies involving adrenergic blockade. In the adrenergic blockade study, one subject was able to exercise for only 50 min and another for 10 min. The 50-min data from the former subject were also used as 60-min data in calculation of mean values; the data from the latter subject were not included. Similarly, that subject was unable to exercise in the adrenergic blockade plus islet clamp study. In the latter study, three subjects were able to exercise for only 30, 40, and 50 min each. Again, their final values during exercise were used in calculation of mean values through the 60-min time point. Although it might be reasonable to assume that changing variables would have continued to change ifexercise could have been continued through 60 min in those subjects, we did not m~ake that assumption. Thus, the means reported here likely represent underestimates of the changes during 60 min of exercise; for example, end-exercise plasma glucose concentrations (see below) would in all likelihood have been lower. Mean oxygen consumption was 60± 1% of maximum in the control study, 57+1% in the islet clamp study, 55±1% in the adrenergic blockade study, and 55±2% in the adrenergic blockade plus islet clamp study.
Heart rate and blood pressures (Fig. 2) . During exercise heart rate rose from 66±4 beats per min to an end-exercise (60 min) value of 152±8 beats per min in the control study. This was unaltered in the islet clamp study but the end-exercise heart rate was reduced to 116±7 beats per min (P < 0.005 vs. control) in the adrenergic blockade study and similarly to 123±8 beats per min (P < 0.05) in the adrenergic blockade plus islet clamp study.
Systolic blood pressure increased (from 108±3 to 140±12 mmHg) and diastolic blood pressure declined (from 72±3 to 61±4 mmHg) during exercise in the control study. These were unaltered in the islet clamp study but the end-exercise systolic blood pressures were lowered (P < 0.05) to 120±7 and 108±8 mmHg in the adrenergic blockade and adrenergic blockade plus islet clamp studies, respectively. End-exercise diastolic blood pressures were not reduced significantly during the adrenergic blockade studies.
Insulin, C-peptide, glucagon, growth hormone, and cortisol (Fig. 3) . During exercise in the control study, base-line (0 min) and end-exercise (60 min) plasma levels of these hormones were:
insulin, 16±2 and 12±2 gU/ml; C-peptide, 0.120±0.008 and 0. 106±0.011 nmol/liter; glucagon, 30±4 and 54±5 pg/ml; growth hormone, 1.1±0.6 and 17.3±6.3 ng/ml; and cortisol, 19 .6±1.8 and 22.0±2. 1 gg/dl. Plasma C-peptide levels were suppressed (P < 0.001) before, during, and after exercise in the islet clamp study (0.026±0.008 nmol/liter at 0 min and 0.014±0.003 mnol/liter at 60 min) and in the adrenergic blockade plus islet clamp study (0.018±0.006 nmol/liter at 0 min and 0.012±0.002 nmol/liter at 60 min). Similarly, the end-exercise plasma growth hormone levels were also suppressed (P < 0.005) at 1.3±0.6 and 1.0±0.3 ng/ml in the islet clamp and adrenergic blockade plus islet clamp studies, respectively. These reflected the suppressive Asg/dl, P < 0.01) levels were significantly higher than those in the control study. The latter glucagon, growth hormone, and cortisol levels were associated with lower plasma glucose levels (see below). Epinephrine and norepinephrine (Fig. 4) . During exercise, plasma epinephrine and norepinephrine rose from 59±11 to 165±22 pg/ml and from 408±44 to 1,240±137 pg/ml, respectively, in the control study. Neither base-line (63±15 pg/ml and 348±46 pg/ml, respectively) nor end-exercise (242±22 pg/ml and 1,1 10±177 pg/ml, respectively) catecholamine levels were altered in the islet clamp study. In both studies involving adrenergic blockade, base-line and end-exercise plasma catecholamine concentrations were elevated. For epinephrine, these were 96±12 pg/ml (P < 0.05) and 1,930±232 pg/ml (P < 0.001), respectively, in the adrenergic blockade study and 145±46 pg/ ml (P < 0.05) and 2,710±1,410 pg/ml (P < 0.05), respectively, in the adrenergic blockade plus islet clamp study. For norepinephrine, the corresponding values were 1,350±153 pg/ml (P < 0.001) and 4,080±318 pg/ml (P < 0.001), respectively, in the adrenergic blockade study and 1,880±389 pg/ml (P < 0.001) and 5,050±943 pg/ml (P < 0.001), respectively, in the adrenergic blockade plus islet clamp study. Glucose concentration, production, and utilization (Fig. 5 ). During exercise in the control study, glucose utilization increased from 1.8±0.3 to an end-exercise (50-60 min) value of 4.0±0.5 mg -kg-' * min-', glucose production increased from 1.8±0.3 to 3.9±0.6 mg* kg-' -min-', and the plasma glucose concentration did not change (92±1 to 90±2 mg/dl). Base-line and end-exercise values were not significantly different from control values in the islet clamp study although there was an apparent initial increase and late decrease in plasma glucose. These were associated with glucose production rates slightly higher than control values at 0-10 min (3.3±0.2 vs. 2.3±0.3 mg kg-* min', P < 0.05) and 10-20 min (3.9±0.2 vs. 3.0±0.3 mg * kg-' -min-', P < 0.05) and a glucose utilization rate that appeared slightly higher than the control value at 50-60 min (5.0±0.4 vs. 4.0±0.5 mg* kg-' * min-', P not significant). Although base-line glucose production and utilization rates and the exercise-associated increase in glucose production were not altered by adrenergic blockade, glucose utilization increased to a value higher than the corresponding control value (4.9±0.6 vs. 3.3±0.3 mg kg-' * min-', P < 0.05) at 20 min. The plasma glucose concentration decreased from 88±2 mg/dl to 73±2 mg/dl at 30 min and then stabilized through 60 min when the value of 74±3 mg/ dl was significantly (P < 0.01) lower than the control level of 90±2 mg/dl. In contrast, during the adrenergic blockade plus islet clamp study, the glucose utilization rates were comparable to control values during exercise but, after an initial increase, glucose production declined and was lower than in the control study. The end-exercise glucose production value was 1.9±0.4 mg kg-' * min-', significantly (P < 0.05) lower than the control value of 3.9±0.6 mg-kg-' * min-'. Accordingly, the plasma glucose concentration fell progressively to an end-exercise value of 58±7 mg/dl (P < 0.001) and continued to decline in the recovery period to a final value of 50±2 mg/dl (P < 0.001). The endexercise values ranged from 34 to 72 mg/dl.
Freefatty acids, glycerol, f3-hydroxybutyrate, lactate, and alanine (Fig. 6) . During in the adrenergic blockade plus islet clamp study. Exercise-associated increments in blood lactate and alanine concentrations were unaltered in the islet clamp and adrenergic blockade studies.
Discussion
These data indicate that the homeostatic adaptations that normally maintain the plasma glucose concentration during moderate exercise in humans are the result of changes in the activities of redundant glucoregulatory systems including activation of the sympathochromaffin system (catecholamine release) and changes in pancreatic islet hormone secretion (decrements in insulin, increments in glucagon, or both). The sympathochromaffin system appears to play a primary glucoregulatory role. Changes in islet hormone secretion are not normally critical but become critical when catecholamine action is deficient. Glucoregulation fails, and hypoglycemia can develop, when catecholamine action is deficient and changes in islet hormones do not occur during exercise. The in vivo techniques used in these studies warrant comment. The procedure that we designate the islet clamp is a modification of clamp techniques used widely (49) , particularly that used by Cherrington and his colleagues (50, 51) in dogs. It is unique in that it employs a closed-loop insulin infusion system, the Biostator, to determine an individualized insulin infusion dose during infusion of somatostatin with glucagon replacement. The insulin infusion is then fixed at that rate before, during, and after an intervention, in the present case moderate exercise. Thus, insulin and glucagon concentrations are held constant at levels that result in normal glucose production and utilization rates and plasma glucose concentrations at base-line. We have used the islet clamp technique successfully in the performance of epinephrine dose-response studies (52) . Preliminary data indicated that, once established, the technique results in stable plasma glucose concentrations (in the absence of interventions) through a time frame (2 10 min) longer than the present studies. Our use of somatostatin assumes that the metabolic effects of the drug are indirect, the result of its effects on hormone secretion. There is substantial evidence to support that assumption (53-57). The islet clamp technique used in humans also differs from the pancreatic clamp used in dogs (50, 51) in that insulin and glucagon are infused into a peripheral, rather than the portal, vein. In view of the normal portal to peripheral vein gradients (58, 59) , the fact that peripheral plasma insulin and glucagon concentrations were not substantially higher than control values during the islet clamp studies indicates that portal venous insulin and glucagon concentrations must have been lower than normal during the clamp studies. Nonetheless, the insulin and glucagon levels produced were matched biologically, as evidenced by normal and stable glucose kinetics at base line, and insulin and glucagon levels were held constant before, during, and after exercise in the clamp studies. Lastly, we did not replace growth hormone during the islet clamp studies. However, the hyperglycemic action of growth hormone is delayed for several hours (60) ; therefore, it is most unlikely that growth hormone would play an important glucoregulatory role in the 60-min exercise time frame studied. The preliminary data indicating glucose stability over 210 min in the absence of growth hormone replacement during the islet clamp (without intervention) provide further support for this view. When infused together, the nonselective a-adrenergic antagonist phentolamine and the nonselective fl-adrenergic antagonist propranolol reduce markedly the metabolic responses to infused epinephrine in humans (55). Indeed, the dose of propranolol used in the present study was higher than that used in the earlier study (55) . However, as again demonstrated in the present data, these drugs result in substantial plasma catecholamine elevations (61) (62) (63) (64) . Propranolol decreases catecholamine clearance from the circulation (61, 62) and may increase norepinephrine release (62) . Phentolamine increases plasma norepinephrine concentrations (63, 64) , presumably the result of increased norepinephrine release owing to prejunctional a2-adrenergic receptor blockade, reflex activation, or both. Because these drugs increase agonist levels and because they are competitive antagonists, it is reasonable to conclude that a demonstrable effect with the drugs provides an underestimate of the magnitude of the adrenergic component of the process under study (64) . The control study demonstrated the expected metabolic responses to moderate exercise. Glucose utilization increased approximately twofold but was matched precisely by increased glucose production such that the plasma glucose concentration did not change. These changes were associated with increments in plasma epinephrine, norepinephrine, and glucagon and small decrements in plasma insulin and C-peptide among other metabolic changes.
When insulin and glucagon concentrations were held constant in the islet clamp study, glucose homeostasis was not disrupted during exercise. Indeed, slightly higher initial glucose production rates led to an apparent small increase in the plasma glucose concentration; it is conceivable that portal hypoinsulinemia increased hepatic sensitivity to factors that stimulate glucose production. Thus, the islet clamp data support earlier human data (18) (19) (20) (21) (22) (23) indicating that neither decrements in insulin nor increments in glucagon normally play a critical role in glucoregulation during exercise when other glucoregulatory systems are operative.
Combined a-and j3-adrenergic blockade partially disrupted glucoregulation during exercise, an effect also apparent in the data of Simonson et al. (29) . Early in exercise glucose utilization exceeded control values, the increase in glucose production was insufficient to match glucose utilization, and the plasma glucose concentration decreased. However, the glucose concentration then stabilized at a low physiologic level, -74 mg/dl, through the remainder of exercise and rose slowly to the control level during the postexercise period. Thus, the sympathochromaffin system plays a primary role in preventing hypoglycemia during exercise, largely by limiting glucose utilization. Although this may be a direct effect of the catecholamines (55, (65) (66) (67) , it is conceivable that it is indirect, e.g., catecholamine mediated lipolysis, thus providing free fatty acids which spare glucose as a metabolic fuel for exercising muscle. The rapidity of the catecholamine effect, demonstrable at a time when circulating free fatty acid levels were not demonstrably different from control levels, argues against the latter possibility. Although it is likely that catecholamines also stimulate glucose production during exercise, this was not reduced below control values during the adrenergic blockade study. This is best attributed to compensatory changes in islet hormone secretion (see below).
The rapidity of the catecholamine effect during exercise, the fact that plasma epinephrine (36, 68) and norepinephrine (69) elevations of the magnitude observed early during exercise would not be expected to result in substantial changes in glucose metabolism, and the finding of Jarhult and Holst (30) that bilaterally adrenalectomized humans maintain euglycemia during exercise all suggest that the catecholamine effect on glucoregulation during exercise is neurally mediated, specifically by norepinephrine released from axon terminals of sympathetic postganglionic neurons within the tissues. There is substantial evidence (70) (71) (72) (73) (74) (75) (76) that sympathetic nerve stimulation increases hepatic glucose release, even in the absence of the adrenal medullae (70, 71) . This occurs even when hemodynamic effects are prevented by nitroprusside and is mimicked by perfusion of relatively high concentrations of norepinephrine (72) , perhaps comparable to those that are present in the synaptic clefts after nerve stimulation. Although it involves indirect actions ofsympathetic neural activation (changes in insulin, glucagon, or both) (73) , there is also evidence ofa direct hepatic effect in that it occurs in animals with denervated pancreases (74) and has been reported in pancreatectomized and adrenalectomized animals as well as with isolated livers (75) . Further, hepatic venous glucose and norepinephrine concentrations have been found to be correlated during hepatic nerve stimulation (74). Lastly, sympathetic innervation of human hepatocytes has been demonstrated and hepatic nerve stimulation has been shown to increase the plasma glucose concentration in humans (76) . We are not aware of corresponding evidence concerning the effects of neurally released norepinephrine on extrahepatic glucose metabolism. Thus, the data are most consistent with the interpretation that sympathetic neural norepinephrine is the major catecholamine operative in glucoregulation during exercise. They do not, however, establish that point directly.
The finding that plasma glucose plateaued in the low physiologic range during exercise in the adrenergic blockade study could have been due to incomplete adrenergic blockade partially overcome by increasingly high catecholamine levels, or the result of effects of additional glucoregulatory factors. The results of the adrenergic blockade plus islet clamp study indicate that the latter was the case. When catecholamine action was antagonized and changes in insulin and glucagon were prevented, glucose production rates during exercise were substantially lower than control values and the plasma glucose concentration declined progressively to an average of 58 mg/dl at the end of exercise (range 34-72 mg/dl) and continued to decline to an average of 50 mg/dl in the postexercise period. Thus, changes in islet hormone levels, although not critical when catecholamine action is intact, become critical to the increase in glucose production and the prevention of hypoglycemia during moderate exercise when catecholamine action is deficient. The present data do not permit us to determine if the relevant adaptation is a decrement in insulin, an increment in glucagon, or both.
It is of interest that glucose production increased initially during exercise in the adrenergic blockade plus islet clamp study. Although this could have resulted from incomplete adrenergic blockade, this finding raises the possibility that a factor in addition to sympathochromaffin activation and islet hormone adaptation plays a role in the initial increase in glucose production during exercise.
The data also clarify the mechanisms of other metabolic responses to moderate exercise. Exercise-associated increases in circulating free fatty acid and glycerol concentrations were unaltered in the islet clamp study but were prevented in the adrenergic blockade study. Thus, to the extent that these reflect the rate of lipolysis, the lipolytic response to exercise is primarily the result of sympathochromaffin activation. The exercise-associated increment in blood fl-hydroxybutyrate was small with a more prominent increment in the postexercise period. This response was attenuated in both the islet clamp and the adrenergic blockade studies but was prevented entirely only in the adrenergic blockade plus islet clamp study. This suggests that, to the extent that blood fl-hydroxybutyrate concentrations reflect the rate of ketogenesis, the ketogenic response to exercise is the result of both sympathochromaffin activation and changes in islet hormone secretion. Lastly, neither of these systems appear to play an important role in the exercise-associated increments in blood lactate, presumably a marker of glycolysis under these conditions, or in circulating alanine.
In summary, redundant regulatory factors are operative in the physiology of both glucose counterregulation and glucoregulation during exercise in humans but the hierarchy among these differs. In defense against a primary decrease in plasma glucoseglucose counterregulation-the hierarchy is: (a) a decrement in insulin; (b) an increment in glucagon; (c) an increment in epinephrine; and, perhaps (d) increments in other hormones and neurotransmitters and substrate effects including glucose autoregulation ( 1-13). In defense against a primary increase in glucose utilization-glucoregulation during exercise-the hierarchy among the factors that match increased glucose utilization and glucose production and prevent hypoglycemia appears from the present data to be: (a) sympathochromaffin (perhaps sympathetic neural) activation; (b) a decrement in insulin, an increment in glucagon, or both; and, perhaps (c) increments in other hormones and (other) neurotransmitters and substrates effects such as glucose autoregulation.
